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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract
In this work, applicability of the modified Ritchie-Knott-Rice (RKR) failure criterion (which predicts the onset of cleavage 
fracture when the crack opening stress measured at four times the crack-tip opening displacement σ22d exceeds a critical value 
σ22c) is demonstrated for the test specimen with residual stress. This was done by comparing the results of the fracture toughness 
test and elastic-plastic finite element analysis results. 0.45 % carbon steel JIS S45C, whose tensile to yield stress ratio was equal 
to 1.5 was chose  as material for the test. SE(B) specime  of width 46 x thickness 23 mm, which complies the ASTM E1921 
was used for the test. The residua  stress was introduced to the crack-tip by mechanical pre-loading. The results showed that 
though scatter of the fracture oughness Jc was large, scatter of the critical valu  σ22c was very small. Thus, th  modified RKR
failure criterion has been shown to be applicable to the S45C SE(B) specimens of thicknes  23 mm with esidual st es by 
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Nomenclature
B Specimen thickness 
E Young’s modulus
J J-integral
Jc Fracture toughness
JcFEA J obtained at the fracture load Pc via FEA
Kc Stress intensity factor corresponding to the fracture load Pc
Kmax Maximum stress intensity factor during precracking
KJc = [EJc/(1-ν2)]1/2: Cleavage fracture toughness
M = b0σYS/Jc
P Load
Pc Fracture load
Pmax Maximum force during precracking
Pmin Minimum force during precracking
Vg Crack-mouth opening displacement (CMOD)
W Specimen width
a Crack length
b0 = (W - a): Initial ligament size
δt Crack-tip opening displacement (CTOD)
ν Poisson’s ratio
ρ Initial blunted notch
σB, σB0 True and nominal tensile strength
σYS, σYS0 True and nominal yield stress
σ22 Crack-opening stress
σ22c Critical crack-opening stress
σ22d σ22 measured at a distance from the crack tip equal to four times the crack-tip opening 
displacement (CTOD) δt at the specimen mid-plane
σ22d0 Converged value of σ22d
1. Introduction
Test specimen size effects on the cleavage fracture toughness Jc of a material in the ductile-to-brittle transition 
temperature (DBTT) region has been known to exist (Wallin, 1985; Dodds, Anderson and Kirk, 1991; Nevalainen
and Dodds, 1995; Rathbun et al., 2005). Large scatter in Jc has also been known. Chen et al. have reported scatter of 
the fracture toughness, as follows; “it is necessary to distinguish the concepts of the minimum toughness or the 
lower boundary of toughness values from that of the scatter band of toughness. The former is a definite parameter 
determined by the specimen geometry and yielding properties, and the latter is statistical behavior determined by the 
distribution of the weakest constituent (Chen et al., 1997)”. Meshii et al. interpreted Chen et al.’s opinion as that at 
least for the specimen size effects of minimum Jc can be reproduced by running an elastic-plastic finite element 
analysis (EP-FEA) with some failure criterion (Lu and Meshii, 2014; Meshii, Lu and Fujiwara, 2015; Meshii and 
Yamaguchi, 2016). For this failure criterion, Meshii et al. considered the modified Ritchie-Knott-Rice (RKR) failure
criterion, which predicts the onset of cleavage fracture when the crack-opening stress σ22, measured at distance from 
the crack tip equal to four times the crack-tip opening displacement (CTOD) δt, hereinafter denoted as σ22d, exceeds
a critical value σ22c. They showed that the modified RKR failure criterion is applicable to explain the test specimen 
thickness (TST) effect on Jc observed for 1) 0.55 % carbon steel and non-proportional SE(B) specimen, whose
thickness to width ratio B/W was varied in the range of 0.25 to 1.5 (Meshii, Lu and Takamura, 2013), and 2) the 
reactor pressure vessel steel A533B and proportional SE(B) specimen whose B/W was kept constant, but thickness
was changed in the range of 8 to 254 mm (Meshii and Yamaguchi, 2016). In the latter work, Meshii and Yamaguchi 
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(2016) suggested that the possibility of J when σ22d first reaches σ22c correspond to the lower bound Jc for specimen 
geometry.
This study is intended to examine the applicability of the modified RKR failure criterion to predict the occurrence
of cleavage fracture of a SE(B) specimen with a compressive residual stress field induced by mechanical preload. 
The material considered was 0.45 % carbon steel JIS S45C. The fracture tests of the SE(B) specimen with residual 
stress by preloading were conducted in the DBTT region. The specimen thickness and width was 23 mm and 46 mm, 
respectively. By reproducing the test results by running large strain elastic-plastic finite element analysis (EP-FEA), 
it was demonstrated that the modified RKR failure criterion was applicable to the case with residual stress.
2. Material selection
The material considered was 0.45 % carbon steel JIS S45C, which was quenched at 850 oC and tempered at 550 
oC. Chemical composition and mechanical properties of the heat treated specimens are summarized in Table 1 and 
Table 2, respectively. Charpy tests were conducted in accordance with JIS Z 2242 and tensile tests were conducted 
in accordance with JIS Z 2241. These results are summarized in Fig. 1. 
Table 1 Chemical compositions of the test specimens in weight %
C Si Mn P S Cu Ni Cr
Specified 0.42~0.48 0.15~0.35 0.60~0.90 ≤ 0.030 ≤ 0.035 ≤ 0.30 ≤ 0.20 ≤ 0.20
0.47 0.17 0.64 0.009 0.004 0.02 0.02 0.02
Table 2 Mechanical properties of the test specimens
Temperature
(oC)
Yield stress
(MPa)
Tensile Strength
(MPa)
Elongation
(%)
-10 498 760 25
RT 438 718 21
   
Fig. 1 Charpy test results (left) and tensile test results (right) for S45C
3. Fracture toughness tests of SE(B) specimen
Fracture toughness test for SE(B) specimen of width W x thickness B of 46 x 23 mm was conducted in 
accordance with ASTM E1921 (ASTM, 2010). The dimensions of SE(B) specimen are shown in Fig. 2. Length L
and support span S of the specimen was requested to satisfy L/W ≥ 4.5 and S/W = 4.0 and designed as L/W = 4.6 
and S/W = 4.0, where width W = 46 mm. The residual stress was introduced to the crack-tip by mechanical pre-
loading at room temperature before the fracture toughness test. Maximum preload was applied to satisfy σnet/σYS0 =
1.7, where σnet is nominal bending stress of ligament cross section and σYS0 is nominal yield stress.
0
50
100
0
50
100
150
-100 -50 0 50 100 150
B
rit
tle
 fr
ac
tu
re
 p
er
ce
nt
ag
e
[%
]
A
bs
or
be
d 
en
er
gy
[J
]
Temperature T [℃]
Absorbed energy
Brittle fracture
0
100
200
300
400
500
600
700
800
0 5 10 15 20 25 30
N
om
in
al
st
re
ss
 [M
Pa
]
Nominal strain [%]
-10℃
23℃
-10
 Kenichi Ishihara et al. / Procedia Structural Integrity 2 (2016) 728–735 731
Kenichi Ishihara, Takeshi Hamada, Naohiro Kikuya and Toshiyuki Meshii / Structural Integrity Procedia 00 (2016) 000–000 3
(2016) suggested that the possibility of J when σ22d first reaches σ22c correspond to the lower bound Jc for specimen 
geometry.
This study is intended to examine the applicability of the modified RKR failure criterion to predict the occurrence
of cleavage fracture of a SE(B) specimen with a compressive residual stress field induced by mechanical preload. 
The material considered was 0.45 % carbon steel JIS S45C. The fracture tests of the SE(B) specimen with residual 
stress by preloading were conducted in the DBTT region. The specimen thickness and width was 23 mm and 46 mm, 
respectively. By reproducing the test results by running large strain elastic-plastic finite element analysis (EP-FEA), 
it was demonstrated that the modified RKR failure criterion was applicable to the case with residual stress.
2. Material selection
The material considered was 0.45 % carbon steel JIS S45C, which was quenched at 850 oC and tempered at 550 
oC. Chemical composition and mechanical properties of the heat treated specimens are summarized in Table 1 and 
Table 2, respectively. Charpy tests were conducted in accordance with JIS Z 2242 and tensile tests were conducted 
in accordance with JIS Z 2241. These results are summarized in Fig. 1. 
Table 1 Chemical compositions of the test specimens in weight %
C Si Mn P S Cu Ni Cr
Specified 0.42~0.48 0.15~0.35 0.60~0.90 ≤ 0.030 ≤ 0.035 ≤ 0.30 ≤ 0.20 ≤ 0.20
0.47 0.17 0.64 0.009 0.004 0.02 0.02 0.02
Table 2 Mechanical properties of the test specimens
Temperature
(oC)
Yield stress
(MPa)
Tensile Strength
(MPa)
Elongation
(%)
-10 498 760 25
RT 438 718 21
   
Fig. 1 Charpy test results (left) and tensile test results (right) for S45C
3. Fracture toughness tests of SE(B) specimen
Fracture toughness test for SE(B) specimen of width W x thickness B of 46 x 23 mm was conducted in 
accordance with ASTM E1921 (ASTM, 2010). The dimensions of SE(B) specimen are shown in Fig. 2. Length L
and support span S of the specimen was requested to satisfy L/W ≥ 4.5 and S/W = 4.0 and designed as L/W = 4.6 
and S/W = 4.0, where width W = 46 mm. The residual stress was introduced to the crack-tip by mechanical pre-
loading at room temperature before the fracture toughness test. Maximum preload was applied to satisfy σnet/σYS0 =
1.7, where σnet is nominal bending stress of ligament cross section and σYS0 is nominal yield stress.
0
50
100
0
50
100
150
-100 -50 0 50 100 150
B
rit
tle
 fr
ac
tu
re
 p
er
ce
nt
ag
e
[%
]
A
bs
or
be
d 
en
er
gy
[J
]
Temperature T [℃]
Absorbed energy
Brittle fracture
0
100
200
300
400
500
600
700
800
0 5 10 15 20 25 30
N
om
in
al
st
re
ss
 [M
Pa
]
Nominal strain [%]
-10℃
23℃
-10
4 Kenichi Ishihara, Takeshi Hamada, Naohiro Kikuya and Toshiyuki Meshii / Structural Integrity Procedia  00 (2016) 000–000
Precracking was performed with four discrete steps which satisfied the requirement of the standard that 
precracking can be performed by using at least two discrete steps. Fatigue precrack was inserted with loads 
corresponding to Kmax = 19.8 and 13.8 MPam1/2 for the 1st and last stages, respectively, which satisfied the 
requirement of the standard 25 and 15 MPam1/2. For each discrete step, the reduction in Pmax for any of these steps 
was 18 %, which satisfied the suggestion if the standard the reduction in Pmax for any of these steps be no greater 
than 20 %. The maximum force Pmax and the minimum force Pmin ratio R = Pmin/Pmax = 0.1 was applied. The load 
frequency was 10 Hz.
In fracture toughness test, the loading rate was controlled to be the specified range of 0.1 to 2.0 MPam1/2/s and 
resulted in the range of 1.18 to 1.22 MPam1/2/s. Test temperature was requested to be held at -10 ± 3 oC for longer 
than 30B/25 minutes, where specimen thickness B is 23 mm, and result was -10 ± 1 oC for 45 minutes. The fracture 
test was conducted -10 oC, after precracking. 5 test results which satisfied the ASTM E1921 requirements were 
considered for examination.
Load vs. crack-mouth opening displacement (P-Vg) diagrams for the 5 tests are summarized in Fig. 3. Solid line
in Fig. 3 shows Vg calculated from the elastic compliance given in ASTM E1820 (ASTM, 2006). The linear slope in 
the diagram showed good agreement with that calculated by the ASTM E1820 equation. As shown in Fig. 3, the 
path of the each P-Vg diagrams for 5 experiments showed reproducibility and thus the validity of the tests were 
confirmed. 
Fracture toughness Jc was obtained from the P-Vg diagram in accordance with ASTM E1921 and summarized in
Table 3. In Table 3, KJc = [E Jc/(1-ν2)]1/2 is the fracture toughness in terms of stress intensity factor, where Young’s
modulus E = 206 GPa and Poisson’s ratio of ν = 0.3 was used in this conversion. The Standard deviation of a/W for 
each specimens were 0.00, and thus, possible Jc scatter due to crack depth difference was minimized. The averages 
of KJc were 112.9 MPam1/2. The standard deviation of KJc was 11.8 MPam1/2, and small compared with median value
24.6 MPam1/2 that was predicted from equation (X4.1) in ASTM E1921. The 2 % tolerance bound KJc predicted 
from equation (X4.3) was 57.3 MPam1/2, and thus, the obtained KJcs were sufficiently larger than this 2 % tolerance 
bound value. Minimum M was 163 and satisfied ASTM E1921’s requirement M = (W - a)σYS/Jc ≥ 30, where W, a, 
and σYS are width, crack depth and yield stress of the specimen. From these observations, the test results were 
concluded as valid and proceeded to stress distribution extraction.
Fig. 2 Dimensions of SE(B) specimen of 46 x 23 mm
Fig. 3 P-Vg diagram (S45C 46 x 23 mm SE(B), -10 oC)
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Table 3 Fracture toughness test results (S45C 46×23 mm SE(B), -10 °C)
Specimen id 6 7 9 10 11 µ Σ 2Σ/µ (%) (max-min)/min (%)
a/W 0.506 0.502 0.501 0.498 0.504 0.502 0.00 1.2 1.6
Pc (kN) 42.2 43.8 39.5 43.9 43.4 42.6 1.83 8.6 11.1
Kc (MPam1/2) 93.1 95.1 85.7 94.3 94.9 92.6 3.95 8.5 11.0
Jc (N/mm) 52.1 70.0 41.9 52.6 67.3 56.8 11.7 41.2 67.1
KJc (MPam1/2) 108.6 125.9 97.4 109.1 123.4 112.9 11.8 20.8 29.3
M 217 163 273 219 169 208 44.6 42.9 67.5
4. Finite element analysis of SE(B) specimen
Large-strain, EP-FEA were conducted for SE(B) specimen. FEA model used in this study is shown in Fig. 4. The 
width W was 46 mm and the crack length a was 23 mm (a/W = 0.5). Considering symmetry conditions, one-quarter 
of the specimen was analyzed. 20-node quadratic brick reduced integration element was used. An initial blunted 
notch of radius ρ was inserted at the crack tip. The CTOD was displacement at the intersection of a 90o vertex with 
the crack franks. The Jc simulated by EP-FEA, denoted by JcFEA, was evaluated using a load-vs.-crack mouth
opening displacement (P-V) diagram, in accordance with ASTM E1820. The material behavior in the EP-FEA was 
assumed isotropic hardening rule. The Young’s modulus E = 206 GPa and Poisson’s ratio ν = 0.3 were used. The 
piecewise linear true stress-true strain curve of the S45C steel shown in Fig. 5 was used in the EP-FEA. The true 
stress-true strain data up to fracture was extrapolated by approximating the tensile test results with the Ramberg-
Osgood equation shown in equation (1). The parameters of equation (1) are shown in Table 4. Abaqus (2014) was 
used as a FEA solver.
n






+=
000 σ
σ
α
σ
σ
ε
ε (1)
Where if σ < σ0, ε = σ/E, σ, ε are true stress and true strain, σ0 is reference stress (= σYS in this study), ε0 = σ0/E, 
α, n are material constant. To avoid local large deformations at loaded and supported nodes, the elements 
surrounding these nodes were set to be linearly elastic. Constraints were also imposed for the nodes along the line of 
support. Load line displacement was applied and load was measured as the total reaction force of the supporting 
nodes. To accurately reproduce the tests, load was first increased to up to σnet/σYS0 = 1.7 with material parameters of 
room temperature, and then reloaded. After a compressive residual stress was introduced to the crack tip, material
parameters were changed with those of -10 oC. Finally load was increased to simulate the maximum load observed 
in experiments. 
Fig. 4 Finite element model of SE(B) specimen
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Table 3 Fracture toughness test results (S45C 46×23 mm SE(B), -10 °C)
Specimen id 6 7 9 10 11 µ Σ 2Σ/µ (%) (max-min)/min (%)
a/W 0.506 0.502 0.501 0.498 0.504 0.502 0.00 1.2 1.6
Pc (kN) 42.2 43.8 39.5 43.9 43.4 42.6 1.83 8.6 11.1
Kc (MPam1/2) 93.1 95.1 85.7 94.3 94.9 92.6 3.95 8.5 11.0
Jc (N/mm) 52.1 70.0 41.9 52.6 67.3 56.8 11.7 41.2 67.1
KJc (MPam1/2) 108.6 125.9 97.4 109.1 123.4 112.9 11.8 20.8 29.3
M 217 163 273 219 169 208 44.6 42.9 67.5
4. Finite element analysis of SE(B) specimen
Large-strain, EP-FEA were conducted for SE(B) specimen. FEA model used in this study is shown in Fig. 4. The 
width W was 46 mm and the crack length a was 23 mm (a/W = 0.5). Considering symmetry conditions, one-quarter 
of the specimen was analyzed. 20-node quadratic brick reduced integration element was used. An initial blunted 
notch of radius ρ was inserted at the crack tip. The CTOD was displacement at the intersection of a 90o vertex with 
the crack franks. The Jc simulated by EP-FEA, denoted by JcFEA, was evaluated using a load-vs.-crack mouth
opening displacement (P-V) diagram, in accordance with ASTM E1820. The material behavior in the EP-FEA was 
assumed isotropic hardening rule. The Young’s modulus E = 206 GPa and Poisson’s ratio ν = 0.3 were used. The 
piecewise linear true stress-true strain curve of the S45C steel shown in Fig. 5 was used in the EP-FEA. The true 
stress-true strain data up to fracture was extrapolated by approximating the tensile test results with the Ramberg-
Osgood equation shown in equation (1). The parameters of equation (1) are shown in Table 4. Abaqus (2014) was 
used as a FEA solver.
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Fig. 5 True stress-true strain curve for EP-FEA
Table 4 Summary of parameter for Ramberg-Osgood plasticity model
Temprature (oC) σ0 α n
-10 500 3.39 4.52
RT 440 2.40 4.79
5. Results of EP-FEA
P-V diagrams obtained from the EP-FEA are shown in Fig. 6. The FEA result in Fig. 6 was close to the
experimental results.
FEA fracture toughness Jc, denoted as JcFEA, was obtained from the P-Vg diagram in accordance with ASTM 
E1921 and summarized in Table 5. The critical value σ22c of the modified RKR failure criterion was also 
summarized in Table 5. From Table 5, it is read that though JcFEA ranged in 36.9 to 60.1 N/mm and showed large 
variation of 63.1 %, σ22cs at the fracture load Pcs ranged in 1795 to 1814, and thus only 1.1 % variation. On this 
point, it was concluded that the modified RKR failure criterion is applicable to S45C SE(B) specimens with residual 
stress.
Fig. 6 Comparison of FEA and experimental P-V diagrams
Table 5 4δt and crack opening stress σ22 at the fracture load Pc
Specimen ID 6 7 9 10 11 µ Σ 2Σ/µ (%) (max-min)/min (%)
JcFEA (N/mm) 49.0 59.2 36.9 60.1 56.7 52.4 9.72 37.1 63.1
KJcFEA (MPam1/2) 105.3 115.7 91.3 116.7 113.3 108.5 10.6 19.5 27.7
4δt (mm) 0.118 0.151 0.081 0.154 0.143 0.129 0.03 46.7 88.9
σ22c (MPa) 1801 1795 1814 1795 1796 1800 8.25 0.9 1.1
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6. Discussion
The relationship between σ22 measured at 4δt on the x1 axis, denoted as σ22d, and JFEA calculated from P-V
diagram for each load step are shown in Fig. 7. The solid line in Fig. 7 is the average of σ22c. From Fig. 7, saturating 
nature of σ22d for increasing JFEA is read. The small scatter of σ22c seemed to be a result that σ22c is a saturated value 
of σ22d.
Meshii and Yamaguchi (2016) reported that J when σ22d reaches σ22c has the possibility to correspond to the 
lower bound of Jc for a specified specimen geometry. Thus, it was examined whether their finding is applicable to 
the case considered with residual stress. Although σ22d in Fig. 7 showed a tendency of convergence with increasing 
JFEA, there is not a definite way to determine whether σ22d has converged or not numerically. Hence, we applied a
method described below. First, an i-th σ22d defined as σ22di and σ22d which obviously converged was defined as σ22d0. 
Then a norm Sn was defined as below
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and J at the value of Sn/Sn+1 is equal to 0.9999 was defined as the predicted minimum of fracture toughness Js. In this 
work, Js was 12.7 N/mm, and thus, the predicted lower bound KJs was 53.5 MPam1/2 when σ22d0 = 1802 MPa. On the 
other hand, 2 % tolerance bound KJc(0.02) of the experimental data by the method of ASTM E1921 is 57.3 MPam1/2,
and thus, KJs was closed but smaller than the 2 % tolerance bound. In summary, although it is necessary to study 
further for more appropriate method of determining the convergence value of the σ22d and threshold to J at the value 
of Sn/Sn+1, it seems that Js was able to predicted the lower bound of Jc in an engineering sense, even for a case with 
residual stress.
Fig. 7 The relationship between σ22d and JFEA calculated from P-V diagram
7. Conclusion
In this work, applicability of the modified RKR failure criterion was demonstrated for S45C SE(B) specimen 
with residual stress due to a mechanical preloading.
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